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THE arid rangelands of eastern Australia support four species of kangaroo. Large populations of red kangaroos (Macropus rufus) are found in hotter and more arid parts of this region, the two species of grey kangaroo, the eastern grey kangaroo (Macropus giganteus) and the western grey kangaroo (Macropus fuliginosus) extend into the region from areas of higher and more reliable rainfall Dawson 1995) . The euro or inland wallaroo (Macropus robustus erubescens) also occurs through the region but usually in association with hill country; it uses microhabitats to moderate some environmental extremes (Dawson and Denny 1969; Dawson 1995) .
Macropus giganteus appears the most mesic of the kangaroos and it has its primary range in the higher rainfall areas adjacent to the eastern coast of Australia Dawson 1995) . Yet, in the past 30 -40 years it has expanded westward into the arid rangelands (Denny 1975; Caughley et al. 1984) , the putative reason being the increased provision of watering sites for domestic stock in this drier country (Caughley et al. 1984) . Caughley (1964) initially suggested that M. giganteus visited rangeland water sites more frequently than M. rufus when he found a higher relative abundance of faecal pellets of M. giganteus close to water. Laboratory studies on these kangaroos do show marked differences between M. giganteus and M. rufus in water use and kidney function (Blaney et al. 2000) . Reports of field water use by these two species also suggest differences in water use (Nagy and Bradshaw 2000) . Differences between M. giganteus and M. rufus also have been found in their thermal physiology (Dawson et al. 2000a,b) and in thermoregulatory behaviour in the field (McCarron et al. 2001) .
Water, however, may not be the only factor impacting on the western distribution of M. giganteus. Griffiths and Barker (1966) reported that M. rufus and 'grey' kangaroos (most probably M. giganteus) selected different diets in the semi-arid grasslands of south-western Queensland (Qld). Caughley et al. (1988) also raised the possibility that competition for food may determine the inland boundary of this species. Consequently, to further our understanding of the changing ecology of M. giganteus in the arid rangelands we examined its foraging characteristics, together with those of M. rufus at a site in the north-west of New South Wales (NSW). M. rufus numbers also have apparently risen since the spread of pastoralism into the arid rangelands (Newsone 1971) .
MATERIALS AND METHODS

Study sites
Fowlers Gap Station is the Arid Zone Research Station of University of New South Wales. It is in north-western NSW, Australia (31° 05' S; 141° 43' E) and lies 110 km north of Broken Hill. 'Fowlers Gap' covers 39,200 ha and its topography is diverse. The western half of the Station includes hills of the Barrier Ranges (ca. 300 m above sea level), with flood plains (140 -170 m) occurring on the eastern half. Fourteen distinct land systems are recognised, based on topography, soil type and their characteristic vegetation (Mabbutt et al. 1973) . Low, woody shrubs (< 1 m), chiefly halophytes of the family Chenopodiaceae, generally dominate the vegetation. The annual mean rainfall is 195 mm and falls are erratically distributed throughout the year (Bell 1973) . Sheep are grazed on a commercial basis throughout the Station.
Macropus giganteus occur in small numbers on 'Fowlers Gap', mainly in land systems associated with major creek lines, such as Fowlers Gap Creek and Homestead Creek (McCarron 1990) . They overlap with M. rufus (the most common species in the area) whilst feeding on the floodouts and alluvial benches of these creeks. We examined the foraging of these species in these situations; initially we examined free ranging animals, which were habituated to humans in vehicles. We followed up with a more controlled study of semi-free ranging animals in a large enclosure.
Data from free-ranging kangaroos was collected in the Fowlers Land System during summer (January) and winter (July) 1990. This land system occurs within 200 -300 m of Fowlers Gap Creek after the Creek has passed out of the hills and on to the plain. It is vegetated by low chenopod shrubs (mainly bladder saltbush Atriplex vesicaria) and perennial grasses (Astrebla and Chloris), with patches of small trees (prickly wattle Acacia victoriae); short grasses, coppersburrs and dicot annuals (forbs) may become relatively abundant after rain or flooding.
Kangaroos were observed foraging in the late afternoon and, by watching animals, fresh faecal samples (2 -4 pellets per animal) from 10 individuals of each species were collected. The samples were from adult kangaroos of both sexes, but mainly females whose reproductive status was not noted. Because the rate of passage of digesta exceeds 24 h (Hume 1999), the vegetation characteristics at the collection site may be different from those where the feed was ingested. However, the M. giganteus sampled were from a group that foraged consistently at that site; also, M. rufus at 'Fowlers Gap' are generally sedentary but they can range over wider areas than M. giganteus (McCarron 1990 ).
The semi-free range study was conducted in a large enclosure, approximately 8 ha, with access to water via a trough. The enclosure was on an alluvial bench adjacent to Homestead Creek in the Old Homestead land system (Mabbutt et al. 1973) ; it was naturally vegetated with grasses, small shrubs (mainly bladder saltbush, Atriplex vesicaria) and a few shade trees. Kangaroos had not grazed it for several years and sheep and feral herbivores had been excluded for 20 years. In the enclosure we were able to determine food preferences by accurately assessing the vegetation on which kangaroos foraged. Also, for behavioural analysis we could observe all animals through out 24 h. To reduce variability associated with sexual dimorphism and reproductive status we examined 7 -8 adult females of each species; no females had pouch young. Notably, adult females are the most abundant age / sex class in kangaroo populations (Dawson 1995) . Animals were placed in the enclosure for approximately a month before data collection began and became habituated to human presence. Kangaroos had individual identifying collars of 2.5 cm wide polyvinyl, with distinctive patterns of coloured reflective tape that could be easily distinguished with binoculars.
The enclosure study was conducted in late summer (February -March) 1999. Adjacent to the enclosure a 6-channel weather station (Monitor Sensors, Caboolture, Qld.) continuously monitored the ambient air (T a ) and black globe (T bg ) temperatures, together with solar radiation, relative humidity, wind speed and rainfall. Black globe temperature integrates T a , solar radiation influx, long wave radiation exchange, and wind speed. It provides a good measure of the 'effective' environmental temperature faced by an animal in the open.
Diet analysis
Diet was assessed from forestomach samples taken when the kangaroos were shot at the end of the study. The use of forestomach samples reduces errors due to the differential digestion of the plant categories; however, in this xeric environment faecal samples also provide dependable assessments of diets (Dawson and Ellis 1979) . The microscopic technique used to analyse diets is based on Dawson and Ellis (1994) . Forestomach samples were frozen, while faecal samples were stored in 70% alcohol and refrigerated until analysis. Sub-samples (5 -10 ml) were washed through two sieves yielding particles greater than 500 µm and between 500 and 125 µm. Particles smaller than 125 µm were discarded because they are mostly dust and microhairs. The relative volumes of the two size classes were determined by centrifugation. Five sub-samples of each size class were spread out on separate microscope slides. Identifications were made using a Carl Zeiss photomicroscope. Random horizontal transects were chosen and the first 20 particles on transects were identified. For each size class 100 particles were examined, i.e., 200 in total per animal. Identification of plant particles was made using our extensive reference collection (see also Dawson and Ellis 1994) . Total proportion of plant categories in the diet was determined according to the ratio of particle size classes in each sample.
Vegetation assessment
In the semi-free ranging enclosure the relative cover and biomass of plant categories were measured along ten randomly chosen transects. Point samples were taken every metre along transects using a 5 mm diameter metal spike; a total 1000 points were sampled for the enclosure. Each point was categorised as bare (including litter) or belonging to the following plant groups: grass, flat chenopod (saltbushes), round chenopod (bluebushes and copper burrs), forb (herbaceous dicots -often annuals), malvaceaous sub-shrub and trees Ellis 1994, 1996) . Grass was separated into two categories, green grass and dry grass, which had less than 10 -15% green material (usually completely dry). Species identification was checked against reference specimens in our herbarium. The height of plants in transects were recorded. Relative cover was corrected for over-estimation related to the size of the spike using values determined by Dawson and Ellis (1994) . The biomass of each plant category was then calculated using percent cover and plant height, according to Moss (1995) .
Behavioural observations
We observed the kangaroos and recorded their behaviour in the semi-free range situation over 8 days in early March 1999. A total of 4 days of 24 h behavioural observations were obtained. Observations were made from a 7 m high tower at the centre of the enclosure. We used a point-sampling technique (Dunbar 1976) for the quantitative recording of behaviour. During daylight scans were made every 10 min. At night, when observations were more difficult, scans were made every 20 min. Night observations were made using a spot light and Nikon x12 marine binoculars. Bahaviours were categorised into four main types, with sub groups within each main category. The main categories were foraging, resting, locomotion and other. In the current study we deal only with foraging. The foraging of each species was categorised into three subcategories. Foraging was considered to occur where the animal was consuming or searching for food; the sub-categories were i) eating; ii) slow searching, movement between feed within a patch, requiring one or two steps; iii) fast searching, usually fast walking between food patches. The positioning of kangaroos in shade or sun also was noted.
Data analysis
Diets were analysed according to Dawson and Ellis (1994) . Briefly, the overlap in the diets of the two species and the dietary niche breadth of each species were determined using similarity analysis (Feinsinger et al. 1981) . Significance was tested using the nonparametric Mantel test. The dietary niche breadths of the species were compared using a t-test. The relative preferences of each species for the different plant types were assessed using electivity indices (E*); significant differences between these indices were tested using Friedmans test. Differences in the E* for each plant type between the kangaroo species were examined using a Wilcoxon-Mann-Whitney test. Percentages were arcsine transformed prior to analysis. Differences between behaviours within time blocks were compared using Wilcoxon-MannWhitney tests.
RESULTS Diets
The study on free ranging kangaroos was conducted during good seasonal conditions. Rainfall, particularly that within the preceding 6 months is the best climatic indicator of pasture growth (Robertson 1987; Wellard 1987) . The total rainfalls for 1989 and 1990 were 341 mm and 212 mm respectively, the monthly patterns being shown in Fig. 1 . The rainfall conditions point to the vegetation conditions being good and our qualitative assessments concurred. Green grass was common, though the main species differed between seasons, and shrubs and forbs showed new growth at both sampling periods.
The diets of wild populations of M. giganteus and M. rufus during a summer and winter of 1990 are shown in Table 1 . In both species of kangaroo grass was by far the most common dietary category at both sampling times, with forbs also being important. Total overlap in diets of the two kangaroo species was high in both seasons. It was 85 ± 6% (mean ± SD) in summer and 81 ± 10% in winter. However, the overall diets of the species were significantly different (p < 0.001) for both summer and winter. In both seasons M. giganteus ate significantly more grass, around 90% of its diet, than did M. rufus (Table 1) . There was little difference between the kangaroos in the grasses eaten, but there was a marked difference in the grasses eaten between summer and winter. In summer common species were Enneapogon spp., Dactyloctenium radulans, Dichantheum sericeum, Panicum sp., Astrebla spp. and Eragrostis setifolia. In the winter barley grass (Hordeum leporinum) was particularly common and dominant in many samples. Stipa variabilis was also commonly noted; other species identified in lesser amounts were Enneapogon spp., Eragrostis setifolia, Dichantheum sericeum and Enteropogon sp. Forbs featured in the diets of M. rufus (18 -24%) (Table  1) ; they ate more than twice that eaten by M. giganteus in both seasons. Among the forbs, daisies (Calotis spp. and Helipterum spp.) were commonly eaten.
The more detailed study of kangaroo diets and foraging behaviour was carried out in the large enclosure in late summer 1999. The rainfall for the period preceding and during the study is shown in Fig. 1 . Despite the appearance of considerable vegetation in the enclosure, vegetated ground cover was less than 30% (Table 2) ; the remainder was either bare or covered by litter. Flat chenopods (saltbushes) and grass (green and dry) were the principal plant categories, followed by round chenopods (bluebushes and copper burrs); forbs and malvaceous sub-shrubs were sparse. In terms of biomass saltbush, mainly Atriplex vesicaria, was by far the dominant category, followed by green grass and round-leaved chenopods ( Table 2 ). The value for tree biomass refers to vegetative material within the reach of kangaroos, i.e., < 2 m and was low.
The diets of M. rufus and M. giganteus in the enclosure focused on grass and were broadly similar (Table 3) . The dietary overlap, as determined using proportional similarity index (Feinsinger et al. 1981) , was large (87 ± 4%); however, variability in diet selection by the two species was low and overall the diets were just significantly different (p = 0.05; Mantel test). The patterns of vegetation categories in the two kangaroos' diets were very different from that seen in the available biomass (also determined using proportional similarity index, p < 0.0001; Mantel test). These dietary niche breadths were similar and relatively small, being 28 ± 5% and 23 ± 5% respectively for M. rufus and M. giganteus. Of note, plant particles size classes in the forestomachs of each species did not differ significantly; particles < 500 µm made up two-thirds of contents. M. rufus 77 ± 3 4 ± 0.9 1 ± 0.6 6 ± 1.6 5 ± 0.7 7 ± 0.7 * * M. giganteus 84 ± 3 5 ± 0.7 1 ± 0.7 3 ± 1.1 3 ± 0.8 4 ± 0.6 Grass was the most frequently identified plant type in the fore stomachs of both species (Table 3) . The principal grass in both M. rufus and M. giganteus was an Enneapogon sp. Also common in both species were Dicantheum sericeum and Sporobolus caroli. Several M. rufus also ate a different Enneapogon sp., which was notably absent from the diet of M. giganteus. All flat-leaved chenopods identified from M. giganteus were Atriplex sp. M. rufus predominantly consumed Atriplex sp. but some Rhagodia species were also identified. Round chenopods eaten by both species were mainly Maireana sp.; a few Sclerolaena sp. were also identified. Malvaceaous sub-shrubs in the diet samples were not identifiable to species, though both a Sida sp. and an Abutilon sp. were seen being eaten by red kangaroos. The principal tree consumed by both species was a Casuarina cristata.
The actual diet preferences (as indicated by the electivity index, E*) of the kangaroos for each of the six plant groups are shown in Table 4 . While both kangaroos had a high preference for grass, the E* for grass of M. giganteus was significantly higher than that of M. rufus. In regard to minor dietary components, M. rufus selected for malvaceaous subshrubs significantly more than did M. giganteus, which tended to avoid them. Both kangaroo species had a large negative E* for both flat-leaved and round-leaved chenopod shrubs.
Behaviour
During the behavioural observations over 8 days in early March 1999, climatic conditions were noticeably stable. Days were fine with little or no cloud and light winds; wind rarely exceeded 12 km h -1
. The mean daily maximum T a was 31°C (range 29 -34°C) and the mean daily minimum was 18°C (range 14 -21°C). T bg generally exceeded 40°C between 1200 and 1500 hours, with values approaching 50°C on cloudless afternoons with little wind. Minimum values for T bg occurred just before sunrise and were 2 -3°C below T a . Relative humidity showed a cyclical pattern which somewhat mirrored T a ; it reached a maximum value near 50% in the hour before sunrise before declining to about 30% by early afternoon.
The 24 h foraging patterns of the two kangaroo species were similar in these conditions. During the hottest part of the day kangaroos mostly rested in shade. At night, and during the cooler daylight hours, kangaroos usually foraged (Fig. 2) . The majority of both species of kangaroo had commenced foraging by 1700 hours, at which time solar radiation influx and T bg had markedly diminished from daily highs. While the kangaroos continued to forage through the night, there were distinct patterns. Both species foraged intensely through the evening; however, in the middle of the night (2300 -0300 hours) significantly more M. rufus were observed to rest (Fig. 2) . The foraging of M. giganteus did decline later in the night, at around 0400 hours, with only about half the animals still feeding at this time. Both species showed a burst of feeding near sunrise, but M. rufus foraged significantly longer into the morning (Fig. 2) . The majority of M. giganteus were resting by 0700 hours; M. rufus, however, continued to forage for over another hour (Fig. 2) , by which time solar radiation and T bg had risen noticeably .
While there were some differences in the pattern of foraging between M. giganteus and M. rufus their total foraging times were not significantly different. For M. giganteus the total foraging time (mean ± SD) was 11.2 ± 0.68 h, which was made up of 9.4 ± 0.93 h eating, 1.6 ± 0.92 h slow searching and 0.3 ± 0.06 h fast searching. For M. rufus the total foraging time was 10.9 ± 0.50 h, which was made up of 8.5 ± 0.84 h eating, 1.7 ± 0.74 h slow searching and 0.7 ± 0.40 h fast searching. Interestingly, from 0400 to 0600 hours M. rufus fast searched significantly more.
DISCUSSION
Over the past 30 -40 years the most mesic of kangaroos, M. giganteus, have expanded into more arid rangeland areas of eastern Australia, which are the home of the arid adapted M. rufus (Denny 1975; Caughley et al. 1984) . M. rufus numbers may also have risen in the arid rangelands since the advent of domestic stock grazing (Newsome 1971) . This range expansion by M. giganteus has been linked to the provision of extra watering sites for domestic stock because of indications of a high water need by this species (Caughley 1964; Caughley et al. 1984) . The extra water sites have major effects on the arid rangelands, both on vegetation and fauna (James et al. 1999) . Of note, 'Fowlers Gap' (the site of this study) has more than doubled its watering troughs to facilitate sheep management since the extensive use of polyethylene water pipe began some 30 years ago. There is some evidence that M. giganteus has relatively high water requirements. On dry feed in yards Blaney et al. (2000) report a higher water turnover in M. giganteus relative to M. rufus and separate field studies point to a higher water use by M. giganteus (Nagy and Bradshaw 2000) . However, the situation is not entirely clear because water turnover can vary markedly with food water content in different conditions (Blaney et al. 2000) .
Are other factors apart from water involved in this story? Caughley et al. (1988) suggested a resource, such as food, could determine the inland boundary of M. giganteus. This infers that dietary competition among herbivores may have a role in the changing distribution of M. giganteus. McCarron et al. (2001) additionally suggested that differences in energy needs and in activity patterns associated with thermoregulation during a hot summer could impact on the distributions of these kangaroos. Other herbivores, especially domestic species, such as sheep, also may have a role in this story. Sheep and cattle have markedly changed the structure of the vegetation in the arid rangelands, especially in the vicinity of water (James et al. 1999) .
In regard to diet, it is apparent that M. giganteus is more of a grass specialist than M. rufus, though both species have been reported to prefer grass (Dawson 1989) . In our studies when the two species were feeding together in different conditions, diets were significantly different, though the overall overlap was high and ranged between 81% and 87%. This pattern was seen in wild kangaroos when sheep and rabbits were present and also in the enclosure with other mammalian herbivores excluded. In free and semi-free ranging conditions M. giganteus consistently had the greater intake of grass than M. rufus (Tables 1, 3 ). This was also the pattern found by Griffiths and Barker (1966) in south-western Qld; a summary of their data is given in (Table 5 ).
This pattern does not imply that M. giganteus is generally more selective than M. rufus, it means that dietary preferences differ. Dietary niche breaths, which indicate overall levels of selectivity relative to the available vegetation biomass, are similarly narrow in M. giganteus and M. rufus, indicating high levels of selection. The patterns of dietary selection are shown by the Electivity (preference) index (E*). While both species had a positive E* for grass, that of M. giganteus was significantly greater (Table 4) . The arid adapted M. rufus also had forbs as an important component of its diet (Table 1) and the E*s for forbs and malvaceous sub-shrubs were positive. These plants usually become relatively more abundant in good seasons, particularly during winter when they can be half of the diet of M. rufus (Dawson and Ellis 1994) . Griffiths and Barker (1966) also reported a similar pattern for M. rufus in Queensland (Table 5 ). Of note, the chenopod shrubs, which in made up 70% of the plant biomass within the enclosure, were strongly avoided by both species of kangaroo. This pattern of strong avoidance has been reported previously for M. rufus (Dawson and Ellis 1994) , and also for M. r. eurbescens (Dawson and Ellis 1996) . Griffiths and Barker (1966) . Values are the % of identified particles. It is assumed that the grey kangaroos were M. giganteus. M. fuliginosus is now known to occur in the region but Cunnamula is just beyond its reported range (Caughley et al. 1984) .
Species
While diet preferences do vary between M. giganteus and M. rufus, basic food requirements appear similar. Foraging times and the apportioning of aspects of foraging through the day were similar between the species. M. giganteus spent 11.2 ± 0.68 h in foraging activities, while M. rufus spent 10.9 ± 0.50 h. Both species followed a similar, largely nocturnal pattern of foraging (Fig. 2) , though some small differences were apparent. The most notable of these was the cessation of foraging by M. giganteus one hour after sunrise, about an hour before M. rufus. This may be thermoregulatory behaviour associated with water saving.
During mid summer, with its extreme heat load but shorter nights McCarron et al. (2001) reported that M. giganteus foraged more than M. rufus during daylight; they started feeding earlier in the late afternoon but this was also associated with a regular movement to water in the afternoon. McCarron et al. (2001) did not record nocturnal foraging so total feeding was not determined. While McCarron et al. (2001) suggested that in summer M. giganteus might have a slightly higher field metabolism than M. rufus, their results probably reflect the preponderance of immature males in their M. giganteus sample. Such males would have an additional energy requirement for growth (Munn and Dawson 2003) . Resting metabolic rates of the two species in the laboratory are similar, except in cold where M. giganteus, with its thicker fur, requires less heat (Dawson et al. 2000a) . Thermoregulatory abilities of M. giganteus are excellent but at extreme high temperatures they require more water than M. rufus (Dawson et al. 2000a,b) .
How could the proposition that M. giganteus is a grass specialist help explain its range expansion? It may be associated with a relative increase in grass in arid and semi-arid shrubland due to overgrazing, especially by sheep, and to tree clearing. Evidence suggests that M. giganteus can digest grass of varying quality. Grass, except when it is very young, takes longer to digest than forbs or the forb-like malvaceous sub-shrubs (Dawson 1989) . To digest more refractive vegetation, such as mature grass, herbivores usually need relatively larger guts and slower rates of feed passage. Data on rates of passage of digesta in M. giganteus and M. rufus are equivocal (Forbes and Tribe 1970), but Griffiths and Barker (1966) noted that field-shot M. giganteus (with more grass in their diet) consistently had about 25% more dry matter in their forestomachs than M. rufus. Across seasons forestomach contents, in g dry matter per kg body mass calculated from their data, were (mean ± SD) 14.4 ± 1.9 g kg -1 and 11.4 ± 2.1 g kg -1 respectively (p > 0.001, paired ttest). The caecum of M. giganteus is also longer than that of M. rufus, as is the small intestine (Osawa and Woodall 1992); however, the reverse is true for the large intestine. This latter feature probably reflects the ability of M. rufus to extract more water from faeces than M. giganteus. M. r. eurbescens has a longer colon and looses less faecal water than the coastal wallaroo (M. r. robustus) (Freudenberger and Hume 1993) .
It is apparent that changes in the rangelands of eastern Australia favour specialist grazers. With over grazing by domestic species, rangelands have been severely altered (James et al. 1999 
